Abstract. Thymidylate synthase (TYMS) is an important chemotherapeutic target in non-small cell lung cancer (NSCLC). Arsenic trioxide (ATO) has been shown to suppress TYMS in a colonic cancer model. We examined the effects of TYMS suppression by ATO in lung adenocarcinoma. A panel of 4 lung adenocarcinoma cell lines was used to determine the effects of ATO treatment on cell viability, TYMS expression (protein and mRNA), E2F1 protein expression and TYMS activity. TYMS knockdown and overexpression were performed. Tumor growth inhibition in vivo was studied using a nude mouse xenograft model. ATO showed antiproliferative effects with clinically achievable concentrations (around 1.1-6.9 µM) in 4 lung adenocarcinoma cell lines. Downregulation of TYMS protein and mRNA expression, reduced TYMS activity, and suppressed E2F1 expression were demonstrated in lung adenocarcinoma with ATO. Cell viability was reduced by 15-50% with TYMS knockdown. Overexpression of TYMS led to a 2.7-fold increase in IC 50 value with ATO treatment in H358 cells, but not in H23 cells. Using a xenograft model with H358 cell line, relative tumor volume was reduced to 44% that of the control following 8 days of treatment with 7.5 mg/kg ATO, and associated with significant downregulation of TYMS protein expression. In conclusion, ATO has potent in vitro and in vivo activity in lung adenocarcinoma, and is partially mediated by transcriptional downregulation of TYMS.
Introduction
Lung cancer is the most common and fatal cancer in the world over the past decade. In 2008, the incidence and mortality rates of lung cancer, based on GLOBOCAN project by World Health Organization, were 12.7 and 18.2% of all cancers respectively (http://globocan.iarc.fr/). Non-small cell lung carcinoma (NSCLC) accounts for about 85% of all lung cancers, with adenocarcinoma being the predominant histologic type. Despite advances in targeted therapy for NSCLC, systemic chemotherapy remains the main treatment for most cases.
Thymidylate synthase (TYMS) is an essential enzyme for biosynthesis of thymidylate that is critical for DNA synthesis. TYMS generates deoxythymidine-5'-monophosphate (dTMP) by catalyzing the reductive methylation of 2'-deoxyuridinemonophosphate (dUMP) via transfer of a methylene group from CH2H4 folate. dTMP is further phosphorylated to the triphosphate state (dTTP) that acts as a precursor for DNA synthesis (1) . Overexpression of TYMS has been observed in different cancers (2) (3) (4) (5) (6) (7) and has thus become one of the important targets for anticancer therapy.
Arsenic trioxide (ATO) has been used historically in Traditional Chinese Medicine for more than 2,000 years. Its key role in the treatment of acute promyelocytic leukemia was approved by the US Food and Drug Administration at the turn of the millennium. Recent studies have demonstrated TYMS suppression by ATO that accounts for the synergism of ATO with 5-fluorouracil in suppression of colorectal (8) and liver cancer cells (9) . The aim of this study was to investigate the potential therapeutic role of TYMS suppression by ATO in lung adenocarcinoma.
Materials and methods

Cell lines and reagents.
A panel of four lung adenocarcinoma cell lines (NCI-H23, NCI-H358, NCI-H1650 and NCI-H1975 cells) was purchased from the American Type Culture Collection (Manassas, VA, USA). Cells were cultured in RPMI-1640 medium (Gibco ® , Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) (Life Technologies) in a humidified atmosphere of 5% CO 2 at 37˚C. ATO (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 1.65 M sodium hydroxide with pH adjusted to 7.4 by 6 M hydrochloric acid before use.
Cell viability assay. Cells were seeded and 200 µl of serially diluted ATO solutions added, with medium used as the negative control. After incubation, cell viability was measured by Quantification of TYMS mRNA. Total cellular RNA was extracted using a standard TRIzol/chloroform method. The PowerSYBR ® -Green Cells-to-C T ™ kit (Life Technologies) was used for reverse transcription and quantitative polymerase chain reaction (qPCR). Incubation of extracted RNA with RT Master mix was carried out at 37˚C for 60 min, followed by inhibition of reverse transcription at 95˚C for 5 min and storage at 4˚C. cDNA was mixed with PowerSYBR-Green PCR Master mix, TYMS forward (TCAAGGGATCCACAAATGCT) and reverse (TCTGTCGTCAGGGTTGGTTT) primers. GAPDH primer served as internal control. The real-time PCR cycling conditions included enzyme activation (95˚C for 10 min), PCR cycle (95˚C for 15 sec, 60˚C for 1 min, 40 cycles) and dissociation curve (default setting) by StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The relative expression was calculated using the following equations (10) O directly proportional to TYMS activity. After incubation, the culture medium was transferred to a micro-centrifuge tube containing 150 µl 15% charcoal with 4% trichloroacetic acid. This mixture was centrifuged, with the supernatant mixed with scintillation fluid and measured by scintillation counter (11) . TYMS activity = total scintillation count of sample/total scintillation count of control.
TYMS siRNA knockdown. Cells were incubated for 6 h with a mixture of TYMS (sc-44978) or control (sc-37007) siRNA and transfection reagent (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) in plain medium. The transfected cells were maintained in 1% FBS-containing medium for 3 days. The TYMS protein expression and cell viability were measured by western blot analysis and MTT assay, respectively. 
Tumor growth inhibition in vivo.
Tumor xenografts were established with NCI-H358 cells by subcutaneous injection of 1.2x10 7 cells in PBS into the back of nude mice (female, 4-week-old, 10-12 g, BALB/cAnN-nu; Charles River Laboratories, Wilmington, MA, USA). Tumors were allowed to reach no more than 300 mm 3 before mice were randomised to one of the treatment groups. ATO (dissolved in PBS) at 7.5 mg/kg (n=8), or an equal volume of PBS as control (n=7), was administered intraperitoneally, daily for up to 14 days. Tumor growth (measured by standard caliper) and body weight of mice were monitored on alternate days. Tumor volume (V) (before and during treatment) was calculated according to the formula V = (length x width x width)/2 (12). Mice were sacrificed following completion of treatment, and tumor xenografts excised and snap-frozen in liquid nitrogen. They were then homogenized for preparation of protein lysates in lysis buffer for western blot analysis. The study protocol using an in vivo model of tumor xenografts in nude mice was approved by the Committee on the Use of Live Animals in Teaching and Research (CULATR) of the University of Hong Kong (CULATR reference no. 2510-11).
Statistical analysis. Data from triplicate experiments are presented as mean ± SD. Comparison between groups was performed using Student's two-tailed t-test by Prism (GraphPad Software, La Jolla, CA, USA). A p-value <0.05 was considered statistically significant.
Results
In vitro activity of ATO in lung adenocarcinoma. Dosedependent and time-dependent antiproliferative effects of ATO with clinically achievable concentrations (around 1.1-6.9 µM) were evident in most lung adenocarcinoma cell lines. The IC 50 value (mean ± SD) was obtained for 48 and 72 h of ATO treatment (Table I) .
TYMS protein and mRNA expression with ATO treatment.
H23 cells revealed the highest TYMS protein expression. The TYMS expression levels in H358, H1650 and H1975 cells were comparable (Fig. 1A) . Following 48-h treatment with ATO, TYMS protein expression was significantly suppressed dose- dependently (Fig. 1B) . In addition, TYMS mRNA expression was significantly decreased in H23, H358 and H1650 cells, suggesting transcriptional regulation by ATO treatment (Fig. 1C) .
E2F1 protein expression with ATO treatment.
In addition to reduction in TYMS mRNA, ATO also significantly reduced expression of E2F1 protein (Fig. 1D ).
TYMS activity with ATO treatment. Basal TYMS activity is shown in Fig. 2A . The TYMS activity was significantly reduced in all 4 cell lines with ATO treatment (Fig. 2B ).
Cell viability with silenced TYMS. The effect of TYMS knockdown on cell viability was studied using siRNA targeting TYMS. The efficiency of siRNA knockdown was confirmed by a relative reduction in TYMS protein to <30%. With TYMS knockdown, cell viability was reduced by 40, 50, 20 and 15% in H23, H358, H1650 and H1975 cells, respectively (Fig. 3A-D) . A higher concentration of TYMS siRNA (30 nM) caused severe cell death in H23 and H358 cells (data not shown).
Overexpression of TYMS and ATO treatment. Overexpression of TYMS was performed in H23 and H358 cells, via transfection with TYMS plasmid (pTYMS) and control plasmid (pCTL), to study the effect of ATO. The efficiency of TYMS overexpression was shown by increased TYMS protein expression 4.7 and 4-fold in H23 and H358 cells, respectively. Comparing with control treatment, there was no significant difference in TYMS activity in the pTYMS and pCTL groups (data not shown). The cell number increased by about 60%
following TYMS overexpression compared with control in both cell lines (data not shown). In H23 cells, the IC 50 values (72 h) for ATO treatment were similar for the pTYMS and pCTL groups (Fig. 4A) . In H358 cells, the IC 50 values (72 h) in pTYMS and pCTL groups were 2.5 and 0.67 µM, respectively (Fig. 4A) . The basal expression of E2F1 was unchanged in H23 cells following transfection with pTYMS, but decreased in H358 cells (Fig. 4B ). In both cell lines, TYMS protein and E2F1 expression levels in both groups were downregulated dose-dependently following ATO treatment (Fig. 4B-C) .
In vivo effect of ATO on tumor xenografts. By day 5 following implantation of H358 cells, successful development of tumors was noted. There was no significant difference in baseline tumor volume between groups before drug treatment. The change in relative tumor size in the control and treatment groups over an 8-day period is shown in Fig. 5A . At this time, the relative tumor volume in the ATO-treated group (7.5 mg/kg) was 44% that of the control group (p<0.05). All the mice were alive at the end of treatment. Based on western blot analysis with protein lysates obtained from tumor xenografts after treatment, TYMS protein expression was significantly suppressed in the ATO treatment arm (Fig. 5B) .
Discussion
We have demonstrated in an in vitro model of lung adenocarcinoma, the activity of ATO close to clinically achievable concentrations (around 1.1-6.9 µM) (13) (14) (15) . ATO can act as a potent inhibitor of TYMS at a transcriptional level, and result in reduced in vitro TYMS protein and activity. The mechanistic importance of TYMS inhibition as a novel cytotoxic mechanism of ATO in lung adenocarcinoma has been validated with TYMS knockdown and overexpression experiments that revealed TYMS to be critically involved in cellular proliferation. Antitumor activity of ATO has also been demonstrated in a xenograft model wherein TYMS protein was suppressed.
Over the past decade, major advances in the molecular biology of NSCLC have led to the clinical development of various targeted therapies. Notably, there are now clinically available specific treatment options against epidermal growth factor receptor (EGFR) mutated or anaplastic lymphoma kinase (ALK) gene rearranged NSCLC. Nonetheless, these druggable driver oncogenes exist in only 30 to 40% of lung adenocarcinoma cases in East Asians, and much less frequently (<20%) in Caucasians (16) . Systemic chemotherapy remains the cornerstone of first-line treatment for the majority of advanced cases of NSCLC, and the major salvage treatment when targeted therapy fails. A TYMS-targeting approach has emerged as an important strategy for advanced non-squamous NSCLC.
ATO is notoriously poisonous. Despite this, among the traditional Chinese medicines, Pi Shuang (an oral form of ATO) has been used to treat toxic conditions, chronic ulcers and cervical lymphadenopathy (17) . The intravenous formulation of ATO has received approval from the US Food and Drug Administration for the treatment of APL, with up to 90% of patients achieving complete remission (18) and almost 90% 3-year disease-free survival (19) . The mechanisms of action of ATO have been best described in leukemia, including elevation of reactive oxygen species, loss of mitochondrial membrane potential, and release of cytochrome c, followed by activation of caspase cascade and apoptosis (20) (21) (22) (23) (24) (25) , as well as enhancing SUMOylation and degradation (26, 27) .
Contrary to this, there have been limited data on the activity and mechanisms of ATO in lung cancer. In the human lung carcinoma PG cell line, ATO has been shown to induce apoptosis with downregulation of Bcl-2 and P-glycoprotein (28). Based on experiments in H1355 human lung adenocarcinoma cells, ATO demonstrated cytotoxicity that was accompanied by downregulation of survivin, cleavage of PARP and activation of various MAPKs (29) . Interestingly, the non-steroidal anti-inflammatory drug sulindac has been shown to enhance the cytotoxicity of ATO in human lung cancer cells via generation of reactive oxygen species (30, 31) . A 5-fluorouracil (5-FU)-resistant colorectal cancer cell line model has recently been developed to investigate the potential effect of ATO on TYMS expression. It was found that ATO (up to 1 µM) could downregulate TYMS mRNA and protein expression in a 5-FU resistant cell line (8) . In addition, ATO could suppress TYMS mRNA expression in HepG2 hepatic cancer cells, though at a relatively high concentration (25 µM) (9) .
In our study, ATO reduced TYMS protein in all cell lines, and was associated with suppressed TYMS mRNA levels in 3 of the cell lines. The apparent discordance between mRNA and protein expressions may be related to the translation rate that depends on ribosome occupancy and density, tRNA availability, translation and regulatory factors, changes in protein localization and time delays between transcription, translation and degradation (32) . The control of TYMS gene expression is largely regulated by the retinoblastoma 1 (RB1) E2F1 pathway. pRB1 interacts with critical regulatory factors including the E2F family of transcription factors. Phosphorylation of RB1 releases E2F and increases transcription of TYMS (33) . Consistent with transcriptional suppression of TYMS, ATO suppressed E2F1 protein expression. We have also resorted to measure TYMS activity. Human TYMS is the only TYMS that exists with an equilibrium of active and inactive conformations. Intriguingly, the inactive human TYMS binds to TYMS mRNA, thus inhibiting TYMS protein synthesis (34) . When activated, the active site loop region (residues 181-197) of TYMS is rotated about 180˚, so that the catalytic cysteine (C195) is then exposed and oriented towards the dimer interface for its function (35) . Upon treatment with ATO, TYMS activity was reduced. The biological significance of TYMS downregulation with ATO has been confirmed with siRNA knockdown of TYMS, reducing cell viability by 15-50% after significant TYMS suppression. This is consistent with a recent report on RNA interference of TYMS in 30 lung cancer cell lines, which supported the pivotal role of TYMS in cellular proliferation (36) . The effect of TYMS overexpression on chemosensitivity to ATO was also studied. Transfection of TYMS plasmid increased the cell number by approximately 60%. Although expression of TYMS and cell number was increased, measured TYMS activity was unaltered. One speculation is that the equilibrium of active and inactive conformations shifted back to a basal normal level following cellular proliferation with TYMS plasmid transfection. The active TYMS may also have been degraded before detection since the half-life of human TYMS is only 5±1 h (37). TYMS overexpression did not affect the IC 50 of ATO treatment in H23 cells, whereas the IC 50 increased 2.7-fold in H358 cells with TYMS plasmid transfection. The latter supports TYMS as an important target for ATO, in which TYMS overexpression can partially overcome the inhibitory effect of ATO. Since ATO works through complicated and distinct mechanisms, we postulate that alternative mechanisms of cytotoxicity account for persistent chemosensitivity to ATO with TYMS overexpression in H23 cells. Lastly, a xenograft model in nude mice using the H358 cell line was developed, demonstrating in vivo activity of ATO via TYMS suppression. The dose of ATO used in our in vivo xenograft model (7.5 mg/kg) was comparable with other reports (2.5-10 mg/kg) (38) (39) (40) (41) (42) .
There are several limitations of this study. First, the number of cell lines in this study is limited and only adenocarcinoma is included. Second, the mechanisms of action of ATO are complex and the predominant actions could vary between different cell lines.
In conclusion, ATO has potent in vitro and in vivo activity in lung adenocarcinoma, at least partially mediated by transcriptional downregulation of TYMS. Since our institution has pioneered the development of an oral formula of ATO for clinical use (43) with a much improved cardiac safety profile (44) , its potential clinical application to solid malignancies is highly feasible.
